The development of a rapid, reliable and reproducible LC method for the determination and quantification of 13 polyphenols (gallic acid, protocatechuic aldehyde, gentisic acid, catechin, vanillinic acid, caffeic acid, vanillin, epicatechin, syringaldehyde, p-coumaric acid, ferulic acid, sinapic acid and resveratrol) in grapes and derived products is reported. The polyphenols were separated in less than 8 min. Employed was an RP-18e (100 mm 9 4.6 mm) monolithic type column. A gradient method with the following solvents was utilised for the chromatographic separation: A: 90% water, 2% acetic acid in methanol, and B: 90% methanol, 2% acetic acid in water. Two detectors in series were employed: a UV-Vis detector and a fluorescence excitation/emission detector. Influence of temperature (15-40°C) and solvent flow rate (2-5 mL min -1 ) on the separation were studied, and 25°C and 2.5 mL min -1 were found to be the optimum conditions. The relative standard deviations of the resulting peak areas, for both intra-and inter-experiments, were less than 2.4 and 2.6%, respectively. Finally, the developed method has been utilised for the quantification of the polyphenols in real samples.
Introduction
Phenolic compounds represent a large number of compounds of great interest for the natural products chemistry. These compounds are widely distributed in plants, especially in fruits and their derivatives. They can be defined chemically as the compounds characterised by incorporating in their structure at least one aromatic ring containing one free or substituted hydroxyl group (esters, methyl-esters, glycosides, etc.) [1, 2] .
In recent years there has been increasing interest in the determination of phenolic compounds in fruits, wines and other foods. The reasons for this interest are: (i) these compounds play an important role in the flavour and colour of foods [3] ; (ii) they act as natural antioxidants [4] ; and (iii) various interesting biological activities have been found [5] , including those related to human health [6] .
Many modern techniques, such as liquid chromatography (LC) [7] [8] [9] [10] [11] , have been employed to characterise and identify phenolic compounds in foods. Reverse phase-liquid chromatography (RP-LC) using conventional RP C18 columns has proved to be the most appropriate technique for determining these compounds sufficiently sensitive and precise. Unfortunately, chromatographic analyses often take excessive time and sometimes must be preceded by a time-consuming sample cleanup step [12] .
However, non-conventional monolithic supports for column packings are increasingly attracting the interest of researchers [13, 14] . Due to their rigid and porous structure, they enable higher solvent flows, shorter assay times, and fast column re-equilibration between runs [15] . To date, relatively few separations with monolithic columns have been described in the literature on the subject of phenols analysis [16] [17] [18] [19] [20] .
Apers et al. [16] have used a monolithic column to obtain a reduction of 2.4 times in the separation time of isoflavones, compared to a conventional C-18 column. Chinnici et al. [17] separated the phenolic compounds of apple in less than 21 min using a monolithic column, whereas 55 min were needed to separate these compounds with a classical column [21] .
Castellari et al. [13] were able to reduce the time for the separation of phenolic compounds in wine to 31 min using a monolithic column, whereas the separation of these compounds in wine with a C-18 column in RP-LC had previously required 120 min [22] .
Besides LC with monolithic columns, a related technique, ultra performance liquid chromatography (UPLC), has also been used for these compounds. Very short separation methods have been developed in the last years, for example 3.2 min were needed for phenolics found in wines [23] , 3.7 min for phenolics in spirits [24] and 9.5 min for phenolics in vanilla [25] . UPLC is a very attractive alternative to reduce the total analysis time, however a monolithic column allows for a similar time reduction using regular LC equipments.
This article describes the development of a new rapid and reproducible analysis method of 13 phenolic compounds representative for the various different families (catechins, hydroxycinnamic acids, hydroxybenzoic acids, stilbene, and benzoic aldehydes) by employing a monolithic column. Two detectors in series were utilised; this permits greater selectivity in the quantification of the compounds.
Experimental Chemical and Reagents
Methanol and acetic acid (Merck, Darmstadt, Germany) used were LC Fig. 1 . Stock solutions of the standards were prepared by dissolving all compounds in methanol and water (50:50, v/v) and then stored in a freezer at -20°C. The stability of the stock solutions was monitored and no changes in concentrations were observed.
Chromatographic Analysis
The chromatographic analyses were carried out in a Dionex chromatographic system (Sunnyvale, CA, USA), consisting of an automated sample injector (ASI-100), pump (P680), thermostatic column compartment (TCC-100), a photodiode array detector (PDA-100), a fluorescence detector (RF 2000), a universal chromatography interface (UCI-50) and Chromeleon 6.60 software. Phenolic compounds were separated using a Chromolith Performance PR-18e (100 mm 9 4.6 mm) monolithic column (Merck). The optimized gradient was as follows (time, solvent A): 0 min, 100%; 1 min, 94%; 4 min, 94%; 5 min, 87%; 6 min, 60%; 9 min, 50%; 14 min, 0%.
The chromatographic separation was performed with a mixture of standards. The polyphenols were analysed by detection with photodiode array and fluorescence spectroscopy. In the UV-Vis spectra the wavelengths used for quantification were 260 and 320 nm, while in fluorescence detection, two combinations of wavelengths were utilised for excitation/emission: 280/310 and 310/403. The first combination was employed for the determination of catechin and epicatechin [26] and the second one for the determination of resveratrol [27] . n.a. not available, overlapped peaks 
Statistical Software
The limits of detection and quantification have been calculated using AL-AMIN software [28] . Regression equations, correlation coefficients and relative standard deviations were calculated using Excel 2007 software (Microsoft, Redmond, WA, USA).
Results and Discussion

Isocratic Methods
Initially the development of the method was begun with a flow of 2.5 mL min -1 . The solvents customarily utilised in the separation of these compounds in methods developed with classical columns were employed as mobile phase [29] . First, various different methods for the separation of polyphenol standards present in the mixture were studied in isocratic elution. Six methods in isocratic elution were tested: method 1 (100% solvent A); method 2 (97% solvent A); method 3 (94% solvent A); method 4 (91% solvent A); method 5 (88% solvent A) and method 6 (85% solvent A). It was decided to limit the analysis time to 15 min; hence data of peaks eluting afterwards were not collected. The temperature in the column was held constant at 25°C. Table 1 shows that, employing methods 1 and 2, there was not a good separation of the peaks corresponding to compounds siringaldehyde and p-coumaric acid. However, separation between the compounds analysed was obtained with methods 3 and 4 (94% A and 91% A). When the percentage of the more polar solvent was as low as 88% (method 5) peak overlapping of three other compounds; epicatechin, vanillinic acid and caffeic acid occurred. Nevertheless, epicatechin can be quantified individually employing the signal recorded by the fluorescence detector.
The isocratic method 3 is not considered adequate since the latter peak eluted presents a retention time of more than 15 min. Employing the isocratic method 4 (91% of solvent A), all the compounds were eluted in a time of less 5 n.a. not available, overlapped peaks Table 4 . Calibration curves of the compounds analysed 
than 15 min. With this method the values of resolution were found to be higher than 1.9 for all the compounds, with the exception of the pairs: gentisic acidvanillinic acid and vanillinic acid-caffeic acid. Thus, the isocratic methods 3 and 4 represent good starting points for the development of gradient methods that allow separation in shorter times.
Gradient Method
Taking isocratic methods as the base, the following gradient (time (min), solvent A (%)) was assayed: 0, 100%; 1, 94%; 4, 94%; 5, 87%; 6, 60%; 9, 50%; 14, 0%. As can be observed in this gradient method, between 0 and 4 min, the combination of isocratic methods 1 and 3 was utilised, with the intention of obtaining the separation of the compounds vanillinic acid and caffeic acid. Figure 2 shows the resulting chromatogram. Therefore, an acceptable complete separation of the compounds studied was obtained, with a good resolution of the chromatographic peaks, and with a very substantial shortening of the analysis time, especially for resveratrol, when compared with the isocratic methods.
Selection of the Temperature
After developing the optimum gradient of separation of the polyphenols present in the standard mixture, the effect of the column temperature on the chromatographic resolution of the peaks was studied, with the same gradient as described above. The study was conducted using different column temperatures (15, 25, 30, 35 and 40°C) . The flow rate of solvent was 2.5 mL min -1 . Table 2 presents the resolution of the chromatographic peaks corresponding to each of the polyphenols studied, at the temperature tested. From these data it can be concluded that is possible to employ temperatures between 15 and 25°C for obtaining good resolutions of the compounds assayed. The best results were obtained at 25°C. Temperatures higher than 25°C produce a loss of resolution, principally between peaks corresponding to the groups: syringic aldehyde and p-coumaric acid; and gentisic acid, catechin, vanillinic acid and caffeic acid (although, as stated, catechin can be quantified individually employing the signal recorded by the fluorescence detector).
Selection of the Flow Rate
The influence of the flow rate of the mobile phase on the chromatographic resolution was studied and flow rates of 2, 2.5, 3, 3.5, 4, 4.5 and 5 mL min -1 were employed. Table 3 shows the resolutions of the chromatographic peaks corresponding to the polyphenols studied at different flow rates. It can be confirmed that good chromatographic resolutions were obtained with solvent flow rates of up to 2.5 mL min -1 . At flow rates higher than 3 mL min -1 some peaks (syringaldehyde and p-coumaric acid) were not resolved. Between 2 and 2.5 mL min -1 the differences between the resolutions obtained were small; therefore the higher rate was selected as the working flow rate, since it gave a slightly shorter total analysis time (7.25 min vs 7.73 min).
Characteristics of the Method
Calibration curves were produced with the method developed. The results obtained are presented in Table 4 . Table 5 . Repeatability (n = 9 in the same day) and reproducibility (n = 9 in 3 different days) of the method developed expressed as Relative Standard Deviations (RSD)
Compound
Repeatability Reproducibility Intra-day (k) Intra-day (Area) Inter-day (k) Inter-day (Area) Using the final optimised conditions, a total of 15 chromatographic analyses of the same sample have been performed, distributed as follows: 9 analyses performed on the same day (repeatability) and 3 more analyses on each of the two consecutive days (reproducibility). The repeatability and reproducibility of the method developed has been studied both for the peak area of each phenolic compound and for the retention factor of the compounds. The results obtained, expressed as relative standard deviation for both the repeatability and the reproducibility in respect of the retention factor and the peak area, are given in Table 5 .
It can be seen that for both parameters, the error was below 2.4% when measuring the repeatability of the method. In respect of the reproducibility, maximum variations of 2.5% in area and 2.0% in the retention factor were obtained.
Robustness of the Method Volume of Sample for Analysis
To evaluate the effect of the injection volume on the retention factors and peak areas, a series of injections of different volumes (10-50 lL) of the mixture of standards was performed. The errors obtained were low (average RSD = 1.27%) ranging from RSD = 0.19% for resveratrol to RSD = 1.93% for epicatechin.
The influence of the injection volume on the peak area measured for two compounds (p-coumaric acid and protocatechuic aldehyde) are shown in Fig. 3 . It can be confirmed that for p-coumaric acid a linear relationship is found between the area and the injection volume for all the volumes assayed (10-50 lL), while for protocatechuic aldehyde, this linearity is only evident between 10 and 45 lL. This behaviour of protocatechuic aldehyde was also found for the compounds gentisic acid and caffeic acid. Therefore, injection volumes higher than 45 lL are not allowed for the proposed method. Means with the same superscripts (a-b) are not statistically different (P < 0.05). Means without superscripts (a-b) are not statistically different (P < 0.05) 
Sample Solvent
The extraction methods used for real samples provide extracts with different proportions of organic solvent in water [30, 31] . The presence of the organic solvent can introduce distortions in the chromatographic peaks; therefore it is necessary to evaluate the effect of the sample solvent on the peaks obtained. For this, a series of mixtures of standards prepared with different percentages of methanol (0, 50 and 100%) in water was employed. Table 6 presents the effect on the characteristics of the method, produced by the solvent of the mixture prepared. It must be emphasised that a significant effect was not found on the retention factors of the compounds analysed. In case of the peak area, it can be observed that there were no significant differences between the peak areas by employing percentages of methanol ranging from 0 to 50% in the sample. But, for a percentage of 100% of methanol, it was observed that there were significant differences for peak areas, as in compared to peak areas obtained with percentages of methanol from 0 to 50%. Therefore, when the methanol in the samples exceeded 50%, it was necessary first to eliminate part of methanol or to dilute it with water, to be able to utilise the developed method, without modifying the method of integration of the chromatographic peaks.
Application to Real Samples
The method developed has been applied in the determination of the polyphenols present in the musts originating from two varieties of grapes: Riesling (white) and Monastrell (red) collected at the beginning of the ripening. Sample preparation was by filtration through 0.45 micron filters. Sample injection volume was 25 lm. Figure 4 shows the resulting chromatograms for the Riesling variety.
In addition to some of the compounds employed in the development of the method, it was possible to quantify other compounds for which standards are not commercially available, such as caftaric acid (caffeoyltartaric ester) and coutaric acid (coumaroyltartaric ester) which are also significant components of many varieties of grapes. The retention factors and quantities determined of the compounds identified in the real samples are presented in Table 7 .
Conclusions
In this study a fast method using monolithic columns has been developed, which performs the separation of all phenolic compounds in less than 7.3 min. Using a mixture of water and methanol with acetic acid, the method provides reliable, high-resolution and reproducible results (RSD <2.0% for both the retention factor and peak areas).
The optimised method can be applied to real samples (musts from both white and red grapes) containing different families of phenolics. 
